Dobutamine stress echocardiography (DSE) is widely used to evaluate myocardial contractile reserve in patients with heart failure (HF). The aim of the study was to assess the relationship between the tissue Doppler (TD) mitral annulus systolic velocity (Sm) change during DSE, contractile reserve, and aerobic exercise capacity in HF patients.
Introduction
Dobutamine stress echocardiography (DSE) is widely used in patients with congestive heart failure (CHF) to search for myocardial viability in ischaemic cardiomyopathy 1 and myocardial contractile reserve in idiopathic cardiomyopathy. 2, 3 In these clinical conditions, it has also been shown that the presence of an inotropic response elicited by pharmacologic stress echocardiography identifies a subset of patients at a lower risk of death. 1 -5 The longitudinal peak systolic velocity at the mitral annulus (Sm) measured by tissue Doppler (TD) is an established method to determine longitudinal and global LV systolic function. 6 Sm is useful in diagnosing global LV systolic dysfunction in patients with HF, 7 mitral regurgitation, 8 and ischaemic heart disease. 9 However, its role during DSE in LV dysfunction remains unsettled. We hypothesized that the variation of longitudinal function during stress echocardiography, using a quantitative method, may be able to risk stratification of HF patients, identifying those with a recruitable contractile reserve. Therefore, we sought to verify the relationship between the tissue Doppler mitral annulus systolic velocity reststress variation during DSE, contractile reserve, and aerobic exercise capacity in HF patients.
Methods

Study patients
In a prospective study design, from 2006 to 2010, 89 patients were non-consecutively enrolled in the Cardiology Division of Fatebenefratelli Hospital, Benevento. The study population consisted of patients with stable congestive HF (no NYHA class IV) with the LV ejection fraction ,45% by echocardiography (Simpson's rule). Exclusion criteria were: (i) technically poor acoustic window precluding satisfactory imaging of the left ventricle (the echocardiogram was considered adequate if .13 of the maximum 17 segments were visualized in one single view; we excluded patients with un-interpretable three contiguous segments); (ii) haemodynamic instability; (iii) documentation of lifethreatening ventricular arrhythmias (sustained ventricular tachycardia or ventricular fibrillation), (iv) the presence of ICDs/pacemakers; (v) significant co-morbidity reducing life expectancy to ,1 year, and (vi) unwillingness to give informed consent. Of the 89 patients initially selected for the study, 15 were subsequently excluded for the presence of stress-induced ischaemia and/ or biphasic response and 10 for inadequate echocardiographic image quality. Thus, 64 patients (48 males, mean age 67 + 9 years) comprised the final study group. The study was approved by the Institutional review board. All patients gave their written informed consent when they underwent stress echocardiography.
All patients were in sinus rhythm and on optimal and maximal tolerated pharmacological therapy, according to the current guidelines for the treatment of HF. 10 Ongoing medical therapy was kept unchanged at the time of the stress test. Beta-blocker therapy was maintained unchanged during the stress test. Thirty-seven patients (58%) had ischaemic heart disease, with a history of previous MI and/or significant CAD on angiography unsuitable for further revascularization.
Stress echocardiography
Transthoracic stress echocardiographic studies were performed with a commercially available ultrasound machine (Sonos 5500 or IE33, Philips Ultrasound, Andover, MA, USA). All patients performed highdose dobutamine stress echo, and dobutamine was infused in 3 min dose increments, starting from 5 mg/kg/min and increased to 10, 20, 30, and 40 mg/kg/min. The wall motion score index (WMSI, from 1 ¼ normal to 4 ¼ dyskinetic in a 17-segment model of the left ventricle) was assessed following the recommendations of the European Association of Echocardiography. 11 During the procedure, blood pressure and the electrocardiogram were recorded each minute.
No patient with ischaemic cardiomyopathy showed stress-induced ischaemia and/or biphasic response during DSE. No patients had regional scar confined to either of the investigated myocardial wall septum or lateral wall.
The presence of myocardial contractile reserve was defined using the systolic pressure (evaluated by aneroid cuff sphygmomanometer)/end-systolic volume index ratio (SP/ESVi ratio). The presence of myocardial contractile reserve was evaluated as the difference between rest and peak DSE in the value of SP/ESVi ratio. The endsystolic volume was obtained offline from the apical four-and twochamber views using the biplane Simpson method and normalized by the body surface area (expressed as mL/m 2 ). Only representative cycles with optimal endocardial visualization were measured and the average of three measurements was taken. The endocardial border was traced, excluding the papillary muscles. The frame with the smallest LV cavity was considered to be the end-systolic frame. 12, 13 The presence of myocardial contractile reserve was defined with a cut-off value of the SP/ESVi ratio .0.72 mmHg/mL/m 2 .
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Tissue Doppler
Tissue Doppler was performed at rest and at peak DSE in the pulsedwave Doppler mode. All the images at rest and at peak exercise were acquired and analysed by the same investigator (Q.C. 
Cardiopulmonary exercise test
Within 24 h from DSE, 51/64 patients (80%) underwent the cardiopulmonary test according to the modified Bruce protocol, with the expired gas measurement. Thirteen (20%) patients were excluded from the cardiopulmonary exercise test, because of the difficulty in carrying out the treadmill exercise. Oxygen uptake, carbon dioxide production, and minute ventilation were measured using the breath-by-breath gas analysis. A 12-lead electrocardiogram was continuously recorded and the blood pressure was recorded every minute by a cuff sphygmomanometer. The peak oxygen uptake was determined as the highest value at the end of exercise. 15 We defined reduced exercise tolerance as a peak oxygen consumption ,14 mL/kg/min. 16 
Statistical analysis
Data were expressed as mean + standard deviation for continuous variables and as numbers (per cent) for categorical variables.
The differences in continuous variables between patients with the Sm change during DSE ≤ 2.02 cm/s and patients with an Sm change .2.02 cm/s were analysed by unpaired Student's t-test, and in categorical variables by the Chi-square test with Yate's correction for continuity.
In the figures, the variables in patients with stress-rest difference in the mean value of the peak systolic velocity of the mitral annulus (Sm) change during DSE ≤2.02 and .2.02 were represented as the box and whisker plots with the median and interquartile ranges.
For the assessment of intra-observer variability in strain analysis, all the images at rest and at peak exercise were acquired and analysed by the same investigator (Q.C.). The Bland -Altman analysis with the mean percentage error calculation was used to evaluate the intra-observer variability for Sm. The mean percentage error was derived as the absolute difference between the two sets of observations divided by the absolute mean of the observations.
Stress-echo and exercise tolerance in HF
A receiver operating characteristic (ROC) analysis was used to assess the best value of Sm for the prediction of myocardial contractile reserve as expressed by the SP/ESVi ratio value. To evaluate the best cut-off of the mean value of peak systolic velocity of the mitral annulus (Sm) change during DSE, related to myocardial contractile reserve, we plotted ROC curves for the clinical variables included in the analysis. The C-statistics, a measure of the area under the ROC curve, was calculated. Calculations of the sensitivity, specificity, and accuracy were performed according to the standard definitions. The 95% CIs were calculated and the individual intervals were compared.
The association of selected variables with exercise tolerance was assessed with Cox's proportional hazard model using univariate and stepwise multivariate procedures. A significance of 0.05 was required for a variable to be included into the multivariate model, while 0.1 was the cut-off value for exclusion. Hazard ratios (HR) with the corresponding 95% confidence interval (CI) were estimated.
A probability value of ,0.05 was considered statistically significant. All statistical calculations were performed using SPSS for Windows, release 16.0 (Chicago, IL, USA).
Results
Patient characteristics
The clinical and echocardiographic characteristics of the study population are described in Table 1 . The mean LV ejection fraction was 29 + 7%. Forty-five patients (70%) were in NYHA class I or II and 19 (30%) in NYHA class III. The cause of LV systolic dysfunction was ischaemic heart disease in 37 patients (58%).
Feasibility and tolerability of high-dose DSE
All patients reached the maximal dose of DSE (up to 40 mg/kg/ min). During dobutamine infusion, non-sustained ventricular tachycardia was observed in seven patients (8%) and hypotension in one patient: these were, in all cases, haemodynamically well tolerated, however the dobutamine infusion was discontinued.
Haemodynamic and echocardiographic responses to dobutamine stress are described in Table 2 . Sixteen patients (25%) achieved the target heart rate during DSE.
Inter-observer variability of LV end-systolic volume measurements of two independent observers showed excellent correlation (r ¼ 0.89, P , 0.01) with no significant difference at rest (0.7 + 22 mL, 95% CI: 243.7 to 45.2 mL, P ¼ NS) and peak stress (5.4 + 12 mL, 95% CI: 219.4 to 30.2 mL, P ¼ NS).
Tissue Doppler peak systolic velocity change during DSE and clinical and echo parameters
Intraobserver variability of Sm measurements showed no significant differences at rest (20.07 ms, 95% CI: 20.57 to 0.43 ms, P ¼ NS) and peak stress (20.12 ms, 95% CI: 20.64 to 0.40 ms, P ¼ NS) ( Table 3) .
In Table 3 , we showed that the Sm change during DSE was directly related to the ejection fraction at rest and at peak DSE and to the ejection fraction change during DSE, to PVR and to the peak oxygen consumption, and inversely related to WMSI at rest and at peak DSE, and the end-systolic volume at peak DSE.
With a ROC analysis, a value of 2.02 cm/s obtained as a stressrest difference in the mean value of the peak systolic velocity of the mitral annulus (Sm) was the best cut-off value for diagnosing myocardial contractile reserve, assessed by the SP/ESVi ratio [area under the curve 0.69 (95% CI 0.56-0.80), sensitivity 69% (95% CI 54-81), specificity 80% (95% CI 45 -97)]. We divided the patients into two groups: patients with rest-stress Sm change during DSE ≤ 2.02 cm/s and patients with rest-stress Sm change .2.02 cm/s ( Table 4) .
Patients with rest-stress Sm change .2.02 cm/s during DSE, compared with patients with an rest -stress Sm change ≤2.02 cm/s, showed better diastolic function at rest, with lower incidence of restrictive transmitral pattern (16 vs. 46%, P ¼ 0.039) and lower E/Ea (Figure 1) . We found a significant relationship between the rest-stress change in the heart rate during DSE and Sm change: 0.5091 (02971-06733), P , 0.001.
The two patient groups had similar ejection fraction at rest; however, patients with Sm change .2 during DSE showed higher ejection fraction at peak DSE (53 + 14 vs. 41 + 12%, P ¼ 0.001), associated with better myocardial contractile reserve during DSE assessed by the pressure-volume relationship ( Figure 2) , with lower end-systolic ( Figure 3 ) and higher increase in ejection fraction (22 + 10 vs. 12 + 10% P ¼ 0.001), compared with patients with Sm change ≤2 during DSE.
No significant differences we found between patients with nonischaemic and ischaemic cardiomyopathy ( Table 5 ). In fact, enddiastolic and end-systolic volumes, ejection fraction at rest and at peak DSE, SP/ESVi ratio, and Sm change during DSE were not different in patients with and without ischaemic aetiology of cardiomyopathy.
Fifty-one patients (80%) underwent cardiopulmonary symptomlimited exercise testing (either shortness of breath or fatigue). Systolic blood pressure increased significantly during exercise (from 120 + 16 to 144 + 30 mmHg, P , 0.001), as well as heart rate (from 76 + 14 to 116 + 15 mmHg, P ¼ 0.023 and the double product (from 9120 + 1743 to 16704 + 3923, P , 0.001). The mean peak oxygen consumption value was 14.9 + 3.8 mL/kg/min. Patients with an Sm rest -stress change ,2 during DSE had lower exercise tolerance, assessed by the peak oxygen consumption, compared with patients with those with a higher Sm reststress change (Figure 4) .
In the multivariable regression model, the 
Discussion
Our study shows that the longitudinal myocardial contractility during stress echocardiography, assessed by the tissue Doppler peak systolic velocity change, is significantly related to the rest diastolic function, and the myocardial contractile reserve during DSE and exercise tolerance assessed by the oxygen consumption in HF patients.
Tissue Doppler peak systolic velocity
A pulsed-wave Doppler tissue imaging analysis of myocardial tissue velocities is widely used to assess the longitudinal and global systolic function. been of interest. 17 In fact, tissue Doppler provided a measure of longitudinal function with a theoretical superiority in evaluating the LV performance; in fact, in a rat model of diabetic cardiomyopathy, tissue Doppler imaging of the mitral annulus can be a good modality for the early detection of myocardial dysfunction 18 and
Sm is found to be useful in detecting early myocardial dysfunction in asymptomatic severe mitral regurgitation 8 or in children with cardiomyopathy. 19 The mitral annulus systolic displacement is a synchronous event involving the whole valve circumference, but non-uniform in terms of the amplitude and the velocity of movement in healthy individuals, with a lower velocity at the septum than in the other portions of the annulus. 6 Hence, multiple sampling of the mitral annular motion should be recommended to obtain a reliable estimation of the whole mitral plane excursion. For these reasons, we analysed Sm as the mean value of septum and lateral wall. In patients with depressed ejection fraction, the identification of contractile reserve during DSE has been shown to provide important prognostic information in patients with ischaemic cardiomyopathy, 1 as well as in non-ischaemic cardiomyopathy patients. 2, 3 In previous studies, we demonstrated that patients with contractile reserve showed a favourable clinical and reverse LV remodelling response to CRT. 5 The unavoidable way for HF patients with reduced systolic function without myocardial viability during stress echo is the heart transplantation. 20 All studies on stress-echocardiography in HF patients measured contractile reserve of the left ventricle. Contractile reserve is defined as the difference between values of an index of left ventricular contractility during peak stress and its baseline values. Ejection fraction or WMSI changes during DSE are the most frequently used indices of left ventricular performance but the SP/ESVi ratio may be a valid alternative for the evaluation myocardial contractile reserve during DSE, due to its lower operator's dependence.
In this study, we demonstrated that a simple, highly reproducible index (Sm change during DSE) was related to the traditional indexes of myocardial contractile reserve ad EF change or SP/ ESVi ratio. 
Figure 2
The mean value with the interquartile ranges of the systolic pressure/end-systolic volume index ratio (SP/ESVi ratio), in patients with the lower and higher stress-rest difference in the mean value of the peak systolic velocity of mitral annulus (Sm) change during DSE ≤2.02 and .2.02.
Figure 3
The mean value with the interquartile ranges of the stress-rest change in the end-systolic volume (DESV%) in patients with the lower and higher stress-rest difference in the mean value of the peak systolic velocity of the mitral annulus (Sm) change during DSE ≤2.02 and .2.02.
Comparison with previous studies
Several studies demonstrated the potential role of tissue Doppler imaging during stress echocardiography to quantify myocardial velocity and deformation, instead of or in addition to the traditional evaluation of the wall motion score index. 21, 22 However, its application during stress echocardiography remains controversial since no clear advantage both in terms of test interpretation or objective quantification has been demonstrated. 23 Sm assessed by Tissue Doppler was more closely related to dP/ dtpeak, an invasive gold standard of global LV contractility. 17 Tissue
Doppler approaches appear feasible to the quantization of the regional function-less dependent on good image quality, and with higher intra-and inter-observer reproducibility. 14 In our study, we demonstrated that the Sm change during DSE was related to myocardial contractile reserve in patients with dilated cardiomyopathy, to demonstrate the capacity of Sm to detect the presence and the extent of myocardial contractility during DSE in HF patients.
The importance of the assessment of the diastolic function in HF patients has been shown in previous works where the restrictive pattern resulted in a useful non-invasive sign of increased left ventricular stiffness and a powerful independent adverse prognostic factor. 24 Pratali et al. 25 showed that a combined assessment of diastolic function in the basal condition and the contractile reserve was additive predictors of the poor outcome in HF patients. Moreover, previous studies showed that the diastolic dysfunction influenced the signs and symptoms of CHF, and the E/Ea ratio was a strong predictor of reduced exercise tolerance. 26 In a previous study, we showed the relationship between a non-invasive index of myocardial contractile reserve (SP/ESVi ratio) during DSE and E/Ea. 27 In this study, we found that patients with poorer global longitudinal systolic function during DSE (lower Sm change) had an impaired diastolic function, with the higher incidence of the restrictive transmitral pattern and elevated LV filling pressure (E/Ea).
The peak oxygen consumption is an objective and accurate measure of the severity of chronic HF; 15, 16 however, it may be limited by non-cardiac factors, such as skeletal muscle deconditioning, patient motivation, and concomitant non-cardiac exercise limiting conditions. DSE is insensitive to these factors. In our study, higher peak oxygen consumption in patients with a higher Sm rest-stress change during DSE was found (Figure 4) . Figure 4 The mean value with the interquartile ranges of peak oxygen consumption (Peak VO2) in patients with lower and higher stress-rest difference in the mean value of the peak systolic velocity of the mitral annulus (Sm) change during DSE ≤2.02 and .2.02.
Stress-echo and exercise tolerance in HF Consistent with our results, Scrutinio et al. 28 showed that in patients with CHF, the cardiac response to dobutamine during stress echocardiography was correlated to peak oxygen consumption; moreover, our group demonstrated that myocardial contractile reserve during DSE was directly related to exercise tolerance, assessed by oxygen consumption.
In this study, we demonstrated that the evaluation of Sm assessed by Tissue Doppler at rest and during stress echocardiography allows to evaluate the presence of myocardial contractile reserve, with a close relationship with other sound, and more clinically established parameters of myocardial contractility. However, future larger studies need to confirm the role of tissue Doppler Sm in HF patients during DSE, to evaluate the relative advantages and shortcomings of the new method compared with existing methods for identifying contractile reserve.
Study limitations
In the current study, we used only pulsed tissue Doppler velocity at the mitral annulus to assess longitudinal ventricular function. Other measurement technologies might have yielded other results, but tissue Doppler is a universally accepted method of quantifying longitudinal myocardial behaviour and is widely used in clinical practice.
We studied patients with non-ischaemic and ischaemic cardiomyopathy with the history of previous myocardial infarction. For uniformity of the study population, we enrolled patients with ischaemic HF without stress-induced ischaemia and/or biphasic response; the presence of the ischaemic response represented an exclusion criterion, to avoid additional confounders. Hence, our results only apply to patients with advanced ischaemic cardiomyopathy who have myocardial scar.
We recognize that the sample size is small but highly representative of the HF patients referred to the stress laboratories to evaluate exercise tolerance and contractility.
The heart rate may significantly affect the Sm changes during stress. This is well established for all the Doppler-derived parameters 29 and may reduce diagnostic accuracy during stress echocardiography. 30 A relationship between heart rate increase and Sm has been found, but still several factors may affect heart rate response in this setting: desensitization of beta-adrenergic receptors, and beta-blocking therapy at time of testing.
Conclusion
In patients with HF, the rest -stress variation of mitral annulus systolic velocities during DSE predicts the presence of myocardial contractile reserve and exercise tolerance.
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